Objective-To evaluate the construct validity of the rheumatoid arthritis MRI score (RAMRIS) erosion evaluation as structural damage end point and to assess the potential impact of incorporation in clinical trials.
convergent validity. Iterative Wilcoxon rank sum tests and tests of proportion estimated the sample size required to detect differences between combination therapy (methotrexate+golimumab) and methotrexate-monotherapy arms in (A) change in damage score and (B) proportion of patients progressing.
Results-Patients with early MRI progression had higher DAS28, C reactive protein (CRP) and vdHS at baseline, and higher 2-year HAQ. Associations were similar to those with 1-year vdHS progression. Differences in change in structural damage between treatment arms achieved significance with fewer subjects when 12-week or 24-week MRI erosion score was the outcome (150 patients; 100 among an enriched sample with baseline-synovitis >5) compared with the 52week vdHS (275 patients). Differences in the proportion progressing could be detected in 234 total subjects with 12-week MRI in an enriched sample whereas 1-year X-ray required between 468 and 1160 subjects.
Conclusions-Early MRI erosion progression is a valid measure of structural damage that could substantially decrease sample size and study duration if used as structural damage end point in RA clinical trials.
Prevention of structural damage in rheumatoid arthritis (RA) has become an important aspect of the management of the disease and a critical outcome in clinical trials of new therapies. For example, the Food and Drug Administration currently requires that clinical studies of new pharmacological therapies demonstrate that a therapy prevents structural damage progression before it may receive an indication for that purpose. Standard X-ray has been the gold standard measure of structural joint damage for nearly two decades.
Studies using X-ray as the primary structural outcome generally require relatively large sample sizes and extended follow-up periods (≥1 year) to demonstrate significant differences from placebo arms. Improvements in the standard of care have raised ethical questions about the duration of placebo arms in RA trials. In the future, it is likely that sample sizes will necessarily increase in clinical trials in order to detect increasingly small differences between active treatment arms using current structural damage assessments.
New imaging modalities, including musculoskeletal MRI have improved sensitivity and discriminative characteristics over X-ray. We have previously shown that early changes in MRI measures of synovitis, bone oedema and bone erosion are predictive of subsequent Xray progression. 1 However, it remains to be fully established if early changes in MRI erosion are a valid measure of structural damage resulting from active RA, and how the use of early (12-week and 24-week) MRI measures as a structural end point in a clinical trial setting would impact the efficiency of the study design. In this study we aimed to determine the convergent validity of early MRI erosion progression at 12 weeks and 24 weeks compared with 52-week X-ray progression, and to determine if an early MRI erosion end point would significantly reduce estimated sample sizes in identifying an effective therapy. 
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Methods
Study setting
This prospective cohort study is ancillary to the GO-BEFORE trial (Clintrials.gov identifier NCT00361335) that included 637 patients with RA with 52 weeks of follow-up. Methods and results of the original trial have been previously reported. 23 The original study compared the efficacy of methotrexate (MTX) or golimumab (GLM) alone to combination therapy with MTX and GLM in MTX and biologic therapy naïve subjects. Three hundred and eighteen total subjects at eligible study sites (based on technical capabilities) participated in the MRI substudy. The trial was conducted according to the principles of the Declaration of Helsinki. As such, all patients provided written informed consent before participating in the study.
Patients 18 years or older who met American College of Rheumatology (ACR) 1987 criteria for RA for at least the past 3 months and had active disease were recruited into the MRI substudy at participating sites. Patient visits occurred at regular 4-week intervals as part of the original trial. Data collection at each visit included independent, blinded assessments of disease activity using the DAS28 with C reactive protein (CRP) (DAS28 (CRP)).
Of the 318 participants, 291 had MRIs of adequate quality to be scored for bone oedema/ erosions and 272 were adequate to be scored for synovitis at baseline. At 24 weeks, 280 were scored for bone oedema and erosions, and 268 were scored for synovitis.
MRI
MRIs of the dominant hand at baseline and week 12, week 24, week 52 and week 104 were obtained at participating trial centres. MRIs of the patient's dominant wrist and second to fifth metacarpophalangeal joints were obtained using 1.5 T MRI with contrast enhancement. The MR sequences were as follows: axial T1 fast spin echo precontrast, coronal T1 fast spin echo precontrast, coronal short τ inversion recovery (or T2 fat-suppressed precontrast) and coronal T1 fat-suppressed postcontrast.
Images were scored by two independent readers who were blinded to the image time point or sequence (visit number), patient identity and treatment group. The average score of two readers was determined for synovitis (0-9 for wrist joint, 0-21 for wrist plus metacarpophalangeal joints), bone oedema (osteitis, 0-69) and bone erosions (0-230), using the OMERACT rheumatoid arthritis MRI score (RAMRIS) system. 14 Intrarater and interrater reliability coefficients (R) ranged from 0.72 to 0.95 and 0.69 to 0.89, respectively.
The change in MRI erosion at 12 weeks and 24 weeks was calculated by comparing with baseline scores. Where MRI erosion change scores were dichotomised due to non-normal distributions, a change in MRI erosion score of >0.5 was considered structural damage progression as previously described. 15 A change of >0.5 demonstrated the best test characteristics in predicting later radiographic progression. 
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Radiographs of hands and feet
Radiographs of hands and feet were performed at baseline, week 24 and week 52. Radiographs were scored by two blinded readers using the van der Heijde-Sharp (vdHS) method. Change from baseline in vdHS scores at 24 weeks and 52 weeks was determined using centralised readers and standardised methods, as previously described. 67 Where analysed as a dichotomous variable, X-ray progression was defined as a change in vdHS score of >0.5. This cut-off has previously been chosen to reduce misclassification error. Also studied were two other frequently used definitions of progression: a change in vdHS of >0 11 and >3 units. 12
Statistical analysis
Data were analysed with STATA V.11 software (StataCorp, LP, College Station, Texas, USA). To assess the convergent validity of MRI erosion as a study end point, descriptive statistics were used to evaluate the differences in disease activity and disease severity measures between subjects who demonstrated progression in the RAMRIS erosion score or the vdHS score. Analyses were performed with an intention-to-treat approach to mimic the original trial design.
For sample size analyses, we based analyses on the assumption that combination therapy with MTX and GLM was superior to MTX monotherapy in preventing structural damage progression. Therefore, we aimed to determine the study sample size (assuming equal size treatment arms) that would be required to demonstrate the true difference between the combination therapy and MTX monotherapy arms in terms of structural damage progression. The 50 mg and 100 mg doses of GLM were similar in radiographic outcomes (not shown) and estimates of sample size and therefore combined.
Since the change in MRI erosion scores and change in vdHS scores over the study period were highly skewed and exhibiting kurtosis, sample size calculations using a meancomparison tool were not considered appropriate. The sample size calculation was therefore approached in two ways. First, by varying the number of randomly selected subjects included in the analysis by 25 subjects at a time, a bootstrap method using iterative Wilcoxon rank sum tests (25 iterations) was used to assess differences in the change in MRI erosion and vdHS scores between the MTX monotherapy and combination therapy arms. The total sample size and the average z-statistic and corresponding p value were recorded. It was expected that increasing sample size would increase the probability that the radiographic outcome would be significantly different between the two treatment arms.
Estimated study sample sizes for X-ray and MRI structural outcomes were also determined by dichotomising each outcome as previously described. The proportion of subjects that demonstrated progression of structural damage on MRI/X-ray within the MTX monotherapy arms and combination arms was determined. Sample size calculations were performed to estimate required sample sizes using early MRI or X-ray progression as the dichotomous trial end point at 80% power. We defined structural damage progression as a change in RAMRIS erosion score or vdHS score >0.5. We also explored differences using another commonly used cut-off for progression; namely a change of >0 unit and >3 units for vdHS. 
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In order to determine the impact of enriching the study population with subjects with active joint inflammation as assessed by baseline MRI synovitis or bone oedema, the sample sizes for MRI outcomes were also estimated after excluding subjects with a baseline synovitis score <5 (below the 25th centile for the study). In a previous study, a cut-off for baseline RAMRIS synovitis score of ≤5 was established as the best definition of an inflammatory activity acceptable state. 13 The effect of excluding subjects with a bone oedema score ≤5 was also explored.
Results
Characteristics of the study population are shown in table 1, and have been previously described. 16101415 On average, subjects from the trial had relatively short disease duration and high disease activity at baseline. Subjects in the MRI substudy had baseline characteristics similar to the total study population and had high mean synovitis and bone oedema scores (table 1) .
Convergent validity of MRI as structural end point
Subjects with MRI progression at 12 weeks and 24 weeks had higher 2-year HAQ scores, greater CRP levels, greater DAS28 (CRP) and greater vdHS scores at baseline compared with subjects who did not progress on MRI. MRI progression at 24 weeks was also associated with a lower likelihood of achieving an ACR50 response by 24 weeks in the study. These associations were similar in magnitude to those seen between clinical measures and X-ray progression at 1 year in the same subjects (table 2) . Early progression in the MRI erosion score was associated with greater HAQ scores at 104 weeks, while progression on X-ray at 52 weeks was not associated.
Effect of use of RAMRIS erosion scores on calculated sample size
The change in MRI erosion score at 12 weeks was significantly different among those receiving combination therapy and MTX monotherapy (median 0 (−0.5, 0.5) vs 0 (0, 0.52) p=0.02, N=190). Similarly, among 194 subjects, the change at 24 weeks was significantly different between combination and monotherapy groups (median 0 (−0.5, 0.5) vs 0 (0, 0.76) p=0.01). Among 420 subjects with available data at 52 weeks, there was significantly less change in vdHS among those subjects in the combination group (median 0 (−0.12, 0.5) vs 0 (0, 1.5) p=0.02). Figure 1 demonstrates the increased likelihood of identifying a statistical difference (p<0.05) between treatment groups with increasing total sample size among a random sample of subjects from the clinical trial. This figure demonstrates that the Wilcoxon rank sum tests assessing differences in treatment groups will achieve statistical significance with fewer subjects when MRI erosion score is the outcome assessed. Using 24-week or 52-week changes in vdHS as the outcome, the test did not, on average, achieve statistical significance until there were 300 or 275 total study subjects included in the analysis, respectively. In contrast, 12-week and 24-week changes in MRI erosion score required a total study sample size of 150 (ie, approximately 75 per study arm). Furthermore, when the study sample is 
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Sample size calculations using dichotomous progression outcomes
The dichotomisation of study end points results in a loss of information and reduced study power. Therefore, higher sample size estimates were seen overall using this method. Over all possible cut-offs, the discrimination of the effective therapy was greater for change in MRI erosion at 12 weeks (area under the curve (AUC) 0.60) and 24 weeks (AUC 0.61), compared with the change in vdHS at 52 weeks (AUC 0.56).
The calculated sample sizes per arm were 324 and 581 using an outcome of vdHS progression (>0.5) at 24 weeks and 52 weeks, respectively. At 52 weeks, the estimated sample size was 391 using an outcome of vdHS progression >3 (17/141 (12%) progressed in the MTX group and 17/279 (6%) progressed in the combination group) and 234 using an outcome of vdHS progression >0 (66/141 (47% progressed in the MTX group and 94/279 (34%) progressed in the combination group). Table 3 and figure 2 illustrate the overall reduction in sample size with the use of MRI progression as the structural damage outcome. For example, the calculated sample size (per group) using a dichotomous early MRI progression outcome at 12 weeks was 229. The sample size is further reduced with exclusion of subjects with a low synovitis or bone oedema score at baseline. For example, 117 subjects per treatment group enriched with baseline synovitis scores >5 would have 80% power to detect a difference in the proportion of subjects with RAMRIS erosion progression at 12 weeks.
Discussion
This study overall demonstrates the construct validity and increased efficiency of the use of MRI erosion in clinical trials studying the efficacy of new therapies in RA in preventing structural damage. We believe that these observations support the use of this modality in clinical trials as the primary study end point.
Associations between clinical and MRI measures have been demonstrated, 16 and MRI measures of inflammation and greater CRP have been previously shown to predict change in the MRI erosion score. 17 The current study goes further to evaluate and establish the construct validity of progression in the RAMRIS erosion score at early time points in a clinical trial. We previously showed that early RAMRIS erosion score progression predicted radiographic progression at 1 year. In this study, RAMRIS erosion score progression at 12 weeks and 24 weeks was also associated with other measures that would be expected to correlate with structural joint damage progression such as CRP, baseline structural damage and ACR response. These associations with clinical measures were similar to associations seen with X-ray progression at 52 weeks. Thus, progressive changes in MRI erosion score are very likely to be measuring the destructive consequences of the ongoing inflammatory disease.
To our knowledge, this is the first study to specifically evaluate the estimated sample size requirements for a clinical trial of anti-TNF therapy using MRI erosion as a structural damage end point. Sample size estimates using early MRI end points were consistently smaller. If this study were repeated, it is highly likely that significant differences in MRI erosion at 12 weeks and 24 weeks would be identified between the treatment and placebo groups at 12 weeks in a study of only 75 subjects per group. These data suggest that the total study size to compare two treatments might be reduced substantially by incorporating MRI into clinical trial design. A previous study suggested that it may be possible to discriminate an effective therapy at 3 months with conventional radiography in certain settings. 18 While our study does not rule out the potential use of conventional radiography to follow shortterm changes in some circumstances, it indicates that in this particular clinical trial setting, it was inferior to MRI.
Furthermore, enrichment of the study population with subjects who had more active synovitis or more bone oedema at baseline on MRI, acted to further reduce the estimated sample sizes (to approximately 40-50 per group). The observation that enrichment of the study population using active disease on MRI can reduce the number of participants has even greater implications when one considers that this clinical trial population was composed of selected subjects with clinically active disease.
Overall, MRI was shown to have improved sensitivity to change compared with radiographs and these changes are likely to more efficiently discriminate between the effective and ineffective treatment arms. It is important to note that improvements in the methodology and MRI analysis technology have been made and other studies have demonstrated discrimination of the effective therapy with even smaller numbers than the conservative estimates presented here. 1920
These observations have several major implications for clinical trial design. First, the convergent validity this study establishes suggests that the early change in MRI erosion score is meaningful. We have already reported the importance and predictive validity of corresponding early changes in MRI inflammatory measures. Second, these observations demonstrate that the use of MRI erosion change score at 12 weeks or 24 weeks, particularly in an enriched sample with active synovitis on MRI, would shorten the length of clinical trials, and reduce the sample sizes required to demonstrate significant differences between the treatment arms.
There are several limitations worth noting. There was some missing data as a result of dropouts during the trial as well as missing data for synovitis scores due to lack of contrast enhancement in some subjects (approximately 10%). Clinical characteristics were similar, however, among those who did not have synovitis scores performed. Synovitis was scored from coronal images, and more information would have been available from having additional axial images. For this study, an a priori cut-off for MRI progression was used. Future study might identify a more ideal cut-off for change in MRI erosion in discriminating treatment groups. Finally, this analysis was performed as an ancillary study to a previously completed clinical trial. Therefore, aspects of the original study design, including allowing for early escape, could potentially influence the magnitude of difference observed between the modalities over different follow-up periods. Overall, the limitations of the current study are felt to most likely result in underestimation of the improved discrimination using more optimal MRI acquisitions, such as axial synovitis views. Further prospective studies using data from recent MRI RCTs should help to corroborate the evidence presented here.
In conclusion, these data support the incorporation of MRI erosion scores into clinical trial designs to study the effects of new therapies on structural joint damage progression in RA. We encourage regulatory agencies to consider MRI as a valid and efficient structural damage end point that, if used in trials, would decrease the sample size and durations of clinical trials, enhancing the development of novel therapies. Iterative rank sum tests in random populations of varying size to estimate sample sizes required to demonstrate significant (p<0.05) differences between the golimumab+MTX combination and MTX monotherapy arms using different study outcomes: (1) the change in X-ray at 52 weeks, (2) the change in MRI erosion score at 12/24-weeks, and (3) Sample size estimations (per group) based on dichotomous X-ray and MRI end points for vdHS or rheumatoid arthritis MRI score (RAMRIS) at 80% power. All change scores dichotomised at a change of >0.5 unless otherwise noted. Abbreviations: vdHS, van der Heijde-Sharp. Table 2 Clinical characteristics of MRI/X-ray progressors and non-progressors within the MRI substudy (convergent validity) 12 Table 3 Proportion of subjects treated with combination therapy or methotrexate monotherapy who progressed >0.5 on X-ray (vdHS) and MRI (RAMRIS erosion) and the estimated sample size (per group) to achieve statistical significance at 80% power 
MRI progression (12 weeks) MRI progression (24 weeks) X-ray progression (52 weeks) No
Yes
